ABSTRACT Stringent physical resource constraints in unmanned aerial vehicle (UAV) communications bring new challenges to energy efficient transmission. In this paper, we study energy efficient beamforming for UAV communications, where a wideband hybrid polarized antenna array with tapped-delay-lines (TDLs) structure is deployed on the UAV. By exploiting hybrid structured, TDLs, and polarized antenna arrays, the strict requirements of hardware size and cost on UAV can be satisfied. It is shown that the energy efficient beamforming with the adopted array can be formulated as a WMMSE-based parameter optimization problem, which however is still a challenging nonconvex problem due to unit modulus constraints in analog beamformer. To overcome the nonconvex nature, an iterative algorithm is proposed, in which the optimization problem is iteratively solved through three convex quadratic programming problems with convex equality or inequality constraints. Finally, the numerical results demonstrate that the proposed wideband beamforming algorithm can significantly improve the energy efficiency, compared with the gradient projection algorithm.
Especially, the strict constraints of physical resources on UAV platform makes the issues of high energy efficiency and low complexity hardware become critically important in UAV communications. To strike a balance between efficiency and complexity for communication in such LOS environments, it has been suggested to have multiple antenna arrays on UAV platform [4] [5] [6] . Nevertheless, the precious physical space in the UAV elicits strong motivation on reducing as much as possible the size of not only array itself but also the corresponding circuits. Compared to the conventional unpolarized antenna array, it is well known that polarized antenna array can deploy more antenna elements in a limited physical space [7] [8] [9] [10] . Meanwhile, the circuit size and cost can be significantly reduced by employing hybrid structure, where the number of expensive radio frontend (RF) chains is largely limited [11] [12] [13] [14] [15] [16] [17] . Therefore, a promising solution for the problem in hand is hybrid polarized antenna array, whose size can be further compressed with partially connected structure. Differing from fully-connected structure, antenna elements with different polarization are controlled separately in partially connected structure, which can halve the number of required analog phase shifters (PSs) [13] .
On the other hand, a compromise between performance and complexity from the aspect of signal transmission scheme is also indispensable. Due to the cooperative nature of UAV communication, it is reasonable to inherit the existing cooperative communication techniques, which has been extensively studied in the past decade. In particular, there are two commonly used relay signal transmission schemes for cooperative communications, namely the decode-andforward (DF) [18] , [19] and the amplify-and-forward (AF) relaying schemes [20] [21] [22] [23] [24] . In the DF scheme, the received signals are decoded first and then retransmitted to the destination, while the received signals in the AF scheme are directly forwarded to the destination merely after some statistics based linear operations. Being applied to UAV communication, either scheme needs an intersymbol interference (ISI) mitigation to deal with the multi-path fading UAV-ground channels. For the DF scheme, a straightforward way is to introduce digital equalization [18] or OFDM technology [19] , which in general mitigate the ISI in the time and frequency domains, respectively. However, OFDM signal has high PAPR and is quite vulnerable to synchronization errors and circuit impairments. As a result, OFDM-based relays are subject to stringent hardware requirements and should be considered as high complexity. Even for the relatively simple digital equalization technique, the energy-consuming down and up conversions between passband and baseband are still required, which increases the complexity as well. In contrast to the DF scheme, there are AF schemes with lowcomplexity ISI solutions, which are also known as filter-andforward (FF) schemes. In [25] , an FF scheme is proposed to equalize the ISI using time domain tapped delay line (TDL) structures, where single data stream is transmitted through multiple FF single antenna relays and the ISI mitigation can be treated as an optimization of distributed relay beamforming. The results in [25] for single-antenna and single-carrier transmission were extended later to multi-antenna multirelay networks in [26] . Bearing in mind that the UAV-ground channel has only a few sparse multi-path components [27] , an FF scheme with TDL-based equalization is clearly a better choice for UAV communications, compared to a DF scheme with OFDM or digital equalization.
Recently, the energy efficiency issue of UAV communications has been studied from the perspectives of speed and locations of UAVs [28] , path planning technique [29] , and wireless sensor network [30] , respectively. However, all these works focus on UAV maneuvering energy rather than communication energy consumption, which includes the part for information transmission and the part consumed by array circuits. For information transmission, a promising way from the array signal processing perspective to improve the energy efficiency is energy efficient beamforming. Although energy efficient beamforming has been well-studied for cooperative communications [31] , the existing works are mostly based on full-digital array. On the other hand, hybrid beamforming designs considering circuit energy consumption can be found in [14] and [15] . By exploiting the structure characteristics of hybrid array circuits, their target is to reduce the number of RF chains or PSs and subsequently reduce the circuit energy consumption. Until now, there are seldom works regarding the design of energy efficiency beamforming via optimizing transmission energy in hybrid array. With the aforementioned array structure and signal transmission scheme, the problem now becomes how to design an energy efficiency beamforming, where the energy efficiency is defined as the ratio of communication rate to the energy for information transmission and array circuit in the UAV relay system.
To the best of the authors' knowledge, up to date, the energy efficient beamforming optimization problems for hybrid TDLs structured arrays are still open. In this paper, we propose the corresponding beamforming algorithm, especially for UAV communications, and the main contributions of our work are listed as follows.
• In order to improve communication quality under strict hardware constraints in UAV communications, a new hybrid polarized antenna array is proposed. The proposed array structure can greatly shrink the size and the cost of antenna arrays, and subsequently reduce the array circuit energy consumption.
• To eliminate the ISI caused by multi-path UAV-ground channels, FF relaying communication strategy is employed and the TDL structure is introduced to the arrays. Different from the widely used OFDM-based relay systems, FF scheme has less hardware requirements and therefore is more suitable for UAV communications.
• To overcome the nonconvex nature of the energy efficient objective functions and unit modulus constraints of the analog beamformer, an iterative beamforming algorithm is proposed. With guaranteed convergence, the energy efficient beamformer is effectively optimized. Finally, the performance is evaluated by several numerical results. The remaining part of this paper is organized as follows. In Section II the system model is first given, including both channel model and signal model. Following that the beamforming optimization problem is formulated and source precoder has been solved in Section III. After that, energy efficiency communication optimal problem is formulated in Section IV. After that Hybrid filter-and-forward beamforming has been designed in Section V. Finally, Section V and Section VI show the numerical results and conclusion, respectively.
Notations: The following mathematical notations and symbols are used throughout this paper. Vectors and matrices are denoted by boldface lowercase letters and boldface uppercase letters, respectively. The symbols X * , X T , X H and X −1 denote the conjugate, transpose, Hermitian (conjugate transpose), and inverse of matrix X, respectively. The Kronecker product between two matrices X and Y is denoted by A⊗B. Additionally, the symbol C denotes complex field and R represents real field. The symbol E{·} denotes statistical expectation. The symbols Tr{·} and Blk(·) denote the trace and blockdiagonal operator, respectively.
II. SYSTEM MODEL
In this work, we investigate a UAV aided cooperative network as shown in Fig. 1 , consisting of three nodes, i.e., a source node, a UAV relay with half-duplex mode and a destination node. In order to enhance the communication quality, all nodes are equipped with antenna arrays. Specifically, the numbers of antenna elements at source, relay and destination are denoted as N 1 , N R and N 2 , respectively. Furthermore, in order to further save space, all antenna arrays are dualpolarized antenna arrays.
Moreover, to further reduce the hardware cost of the deployment of a multi-antenna array, hybrid antenna array, the detailed structure of which is shown in Fig. 2 , is deployed at the UAV. In our work a partially connected structure [8] is used in radio frontend (RF) domain to control the dualpolarized antenna elements. The antenna elements with the same vertical (horizontal) polarization are jointly controlled by half of the RF chains (N B /2) named as vertical (horizontal) RF chains. Different polarized RF chains are independent with each other as shown in Fig. 2(a) and Fig. 2(c) . In order to eliminate inter-symbol interference (ISI) caused by a few sparse multi-path channels, as shown in Fig. 2(b) a tapped delay lines (TDLs) structured filter with length J is implemented at the relay in the digital baseband domain.
A. UAV CHANNEL MODEL
In the considered UAV cooperative network, there are two hops. The channel matrices in the two hops have the same statistics. More specifically, both hops are Rician fading channels with L multiple paths. Different from the extensively studied terrestrial communications, the number of multiple paths L is much smaller as there are less obstacles in UAV communication environment. The pth hop channel impulse response is
where H p,l is the lth channel matrix with Rician distributed [5] , [32] , i.e.,
where γ is the path loss exponent and D p is the Euclidean distance of the pth hop. As in our work dual-polarized antenna array is used, the Rayleigh component H p,l satisfies the VOLUME 7, 2019 following statistic [8] 
where K is the Rician K −factor, and 0 ≤ χ ≤ 1 represents the power imbalance parameter between the polarizations. In addition, q mn p,l is the i.i.d. complex Gaussian path gain from polarization m to n with zero mean and unit variance. The steering vector a(θ ) equals
where θ equals the angle-of-departure (AoD) θ t p,l or angleof-arrival (AoA) θ r p,l . The scalar d is the interval of dualpolarized antennas and λ c is the carrier wavelength.
Moreover, H p,l is the LOS component that only contributes to the 0 th path. Therefore, we have H p,l = 0, l = 0. Without loss of generality, it is assumed that H p,0 has the same direction with H p,0 , then H p,l is [33] , [34] 
where α mn p,0 is an i.i.d. complex Gaussian gain of LOS component. Based on this channel model, in the following, the signal model will be discussed firstly, which is the basis of the beamforming optimization problem for UAV aided cooperative networks.
B. SIGNAL MODEL
For the UAV cooperative communication network shown in Fig. 1 , at time index n the received signal at the relay is
where
are the received signals with the vertical and horizontal polarizations, respectively. The matrix H 1,l ∈ C N R ×N 1 is the lth multipath MIMO channel from the source to the relay. The matrix F ∈ C N 1 ×N s is the linear precoding matrix, s[n − l] ∈ C N s ×1 is the signal vector sent to the receive node at discrete time slot n with covariance E{s[n − l]s H [n − l]} = I N s , and n 1 [n] is zero mean additive Gaussian noise. For the transmitted signals, the transmit power constraint at the source is
At the relay, in order to combat the negative effects of multi-path fading channels, TDLs structured filter is implemented as shown in Fig. 2(b) . The length of TDLs at each RF chain is I . Without loss of generality, it is assumed that N 1 , N 2 , N R , and N B are even numbers. Then, after filter-andforward operation the signal transmitted by the relay is
At the destination, the receive analog combiner B 1 ∈ C N B ×N R is used to receive dual polarized signals, which procedure is followed by employing digital filter. The matrix G i ∈ C N B ×N B is the ith digital beamformer corresponding to the ith TDL in the baseband. Afterwards, analog precoder B 2 ∈ C N R ×N B is implemented to forward the signals after mapping the filtered digital signals to polarized antenna elements. Since the partially connected structure is used in analog domain as described in the previous part, the analog combiner B 1 and analog precoder B 2 are block-diagonal, i.e.,
where the matrices
with m ∈ {v, h} and
with n ∈ {v, h} are the polarized analog beamforming matrices corresponding to the polarized antenna elements, and the symbol Blk(·) denotes the blockdiagonal operator. For analog beamforming matrix, each nonzero element has unit modulus norm, i.e.,
where |[A] x,y | means the absolute value of the {x, y}th nonzero element. The signal model given by (7) can be rewritten in a more compact form, i.e.,
where the involved parameters are defined as follows
The corresponding transmit power constraint at the relay is
where P R is the maximum transmit power at the relay. After the relay forwards the received signal to the destination, the received signal at the destination equals
where n 2 [n] ∈ C N 2 ×1 is the additive Gaussian white noise at the destination with zero mean and covariance matrix R 2 . Moreover, to make the signal model more compact and readable, several auxiliary parameters are used in (12) and the parameters in the above equation are defined in the following
The (n − I + 1)th element ofs[n] is the desired signal at time instant n. In order to facilitate the following derivations and analysis, the desired signal, inter-symbol interference (ISI) term and equivalent noise term are clearly specified and the signal model given in (12) is further reformulated in the following formula with much clearer physical meanings
noise (14) wherẽ
T is the symbols vector transmitted after time index n − I + 1. On the other hand,s
T is the symbols transmitted before the time index n − I + 1. Moreover, F 1 and F 2 are the sub-matrix of F corresponding tos 1 [n] ands 2 [n], respectively. In the above equation, the ISI term results from the multi-path fading in the UAV communications systems. Finally, the noise term at the destination consists of two parts, i.e., the forwarded noise from the relay and the local additive noise at the destination. Based on (14), the energy efficient beamforming for UAV relaying systems can be formulated and this is the focus of the next section.
III. PROBLEM REFORMULATION
Energy efficient beamforming optimizations are of critical importance for the communications under paramount energy constraints. UAV communications just belong to that category. The energy efficient beamforming optimization problem aims at maximizing the fraction of system information rate and totally consumed power under various physical constraints, i.e., max
where R is the system information rate which is defined in (17) , shown at the top of the next page and P all is the total power consumed by the UAV systems, which equals
Here, the scalar ζ is the reciprocal of the power amplifier efficiency, which is a constant. In addition, P C denotes the circuit power consumption. It is obvious that the optimization problem of maximizing energy efficiency is non-convex, because of both the nonconvex objective function of energy efficiency and the nonconvex unit modulus constraints coming from the analog beamformer at the relay. Generally speaking, it is very challenging to directly derive the optimal F, B 1 , G, and B 2 because of the nonconvexity. In order to overcome the difficulty in solving this nonconvex optimization problem, in the following some necessary mathematical transformations are given for the fractional operation and unit modulus constraints, respectively. In this section, the main focus is how to overcome the nonconvexity coming from the nonlinear fractional operation in (16) . In our work, the famous fractional programming is exploited to transform the optimization problem (16) into the following formula
where η is an introduced energy efficiency factor. It has been proved in [35] that for a given η, when the optimal objective value satisfies max
the corresponding optimal solutions of (19) are exactly the optimal solutions of the original optimization problem in (16) . Therefore the key task becomes to compute η. The computation of η is routine in fractional programming. To make our work self-contained, following the idea given in [35] the procedure of computing η is given by Algorithm 2. Although using η nonlinear fractional operation can be replaced by a simple minus operation, unfortunately for given η the optimization problem (19) is still nonconvex. Then further transforms are needed to transform the capacity formula into a convex version for the variables to optimize. Inspired by the famous WMMSE algorithm [36] , [37] , the capacity maximization can be replaced by an iterative weighted MSE minimization problem. More specifically, the original optimization problem (19) is finally transformed into the following WMMSE minimization problem min
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where E MSE is the MSE matrix defined in (22) , shown at the top of the this page. Comparing with (19) the main difference is that there are two more variables to optimize in the MSE matrix given by (22), i.e., the destination equalizer W and a positive definite weighting matrix A. With the optimal W and A, it is obvious that the optimization problem (21) is exactly equivalent to the optimization problem (19) [38] , [39] . In order to solve the weighted MSE minimization, an iterative algorithm can be used, in which the optimization procedure is iteratively implemented among the involved parameters, i.e., weighting matrix, equalizer matrix, source precoder, and relay hybrid beamformer. The convergence of this kind of the iterative algorithms can be rigorously proved [39] . In the following, we will show the detailed optimal solution at each iteration.
A. WEIGHTING MATRIX OPTIMIZATION
At the beginning, we first investigate the weighting matrix optimization for the optimization problem (21) . For given W, F, B 1 , G, and B 2 , as in the optimization problem (21) there is no constraint on the weighting matrix A, the optimal solution of weighting matrix A can be directly computed based on the following complex matrix derivative,
Based on (23) the optimal solution of A in each iteration can be derived to be
It can be concluded that at each iteration the optimal weighting matrix can be derived in the closed-form given in (24).
B. EQUALIZER OPTIMIZATION
Similar to the weighting matrix optimization, for the optimization problem (21) with given A, F, B 1 , G, and B 2 , the resulting optimization problem is also unconstrained with respect to the equalizer W. Therefore based on the following complex derivative
at each iteration the optimal equalizer can be derived in a closed-form i.e.,
In a conclusion, at each iteration the optimal equalizer matrix W can be derived in closed-form given by (26) .
C. SOURCE PRECODER OPTIMIZATION
For source precoder optimization, it is more challenging than the weight matrix optimization and equalizer optimization as there are power constraints. For the optimization problem(21) with given A, W, B 1 , G, and B 2 the optimization problem with respect to the source precoder F can be written in the following form
Prob.1 min
By exploiting the underlying quadratic nature of the optimization problem (27), we will reformulate (27) based on some fundamental matrix operations. Note that from the mathematical formula of E MSE in (22) and together with the definition ofF in (13), it is not so obvious that based on the formulation (22) the MSE matrix E MSE can be taken as a convex function of source precoder F. In order to show that the optimization problem (27) is clearly a convex optimization problem with respect to F, we first define
Based on (28) and after tedious transforms for each term in (27) the following equalities hold
where the involved parameters independent of F are defined as follows
and
,
Furthermore, based on the equalities in (29) the optimization problem of Prob.1 is transformed to the following standard convex optimization problem
It is obvious that the optimization problem (30) is a standard QCQP problem which can be transformed into the following standard SOCP problem and then can be efficiently solved using interior point algorithms [40] min t
where U and u are defined as follows
; 0 .
IV. HYBRID FILTER-AND-FORWARD BEAMFORMING OPTIMIZATION
Finally, in this section we investigate the hybrid filter-andforward beamforming optimization at the UAV relay. Due to the unit modulus constraints for the analog beamformer, hybrid beamforming is much more challenging than the fully digital counterpart. At the beginning, for given A, W, and F, the optimization problem (21) 
As unit modulus constraints are nonconvex, the whole optimization problem is definitely nonconvex and challenging to solve. The key task in the hybrid beamformer optimization is how to deal with the nonconvex unit modulus constraints. From the traditional optimization perspective, for nonconvex constraints, the widely used logic is to relax it as convex ones and then at the end, some harden operations are used to guarantee the constraints are satisfied.
In the existing literature on hybrid beamformer designs, a most widely used logic is that the unit modulus constraints are firstly directly removed and a fully digital beamformer is given. After that, in the hybrid domain according to a certain performance metric, a feasible solution is found. The main problem for this kind of algorithms is that this is an ad hoc algorithm and the performance gap between the optimal solution and the computed one cannot be analyzed. Different from that logic, another logic is to take advantage of iteration to make the nonconvex unit modulus constraints asymptotically satisfied. Specifically, introducing an auxiliary to the unit modulus are asymptotically satisfied by iteratively updating an auxiliary constraint. The key idea behind this design is to exploit iterative procedure to overcome non-convexity.
A. DIGITAL BEAMFORMER OPTIMIZATION
When B 1 and B 2 are given, in order to solve Prob.3, defining the following parameters As a result, based on (33) and (34) and defining
the optimization problem with respect to digital beamformer at the relay can be transformed into the following standard QCQP problem which can be efficiently solved by using interior point algorithms [40] Prob.4 min
where the parameters are defined in the following
It is worth noting that as there is only one power constraint in Prob.4 the optimal g can be derived in a semi-closed form solution with only one unknown scalar parameter [41] . The corresponding Lagrange function is [41] 
based on which, the optimal digital beamformer can be derived to be
where the Lagrange multiplier λ can be searched in the following interval [41] 
B. ANALOG BEAMFORMER OPTIMIZATIONS
When B 2 and G are fixed, the problem Prob.3 becomes Prob.5 min
The optimization problem Prob.5 can be further reformulated in the following form
Because the analog combiner B 1 is block diagonal, exploiting this special structure, the optimization problem (41) can be further simplified as 
On the other hand, when B 1 and G are fixed, with respect to B 2 the optimization problem Prob.3 can be reformulated as
Similar to Prob.5, based on the property of vector operator, Prob.7 can be transformed into the following formula
with the following parameter definitions
34528 VOLUME 7, 2019 Note that the analog combiner B 2 is block diagonal. In other words, many of the elements of b 2 are zeros. Therefore, exploiting this special structure, the optimization problem (44) can be further simplified into the following optimization problem Prob.8 min
where the vectorb 2 consists of the non-zero elements of b 2 . Additionally,ˆ b 2 ,1 andˆ b 2 ,3 are the sub-matrices consisting of the corresponding columns and rows of b 2 ,1 and b 2 ,3 , andψ b 2 ,2 is sub-vector by holding corresponding entries of ψ b 2 ,2 . Based on this fact, we have
Note that the optimization problems of Prob. 6 and Prob. 8 have the same formulation. In the following, in order to save space we only need discuss in depth the algorithm for Prob.6, as the proposed algorithm for Prob.6 can be directly extended to Prob.8.
It is well-known that unit modulus constraints or constant modulus constraints are nonconvex and very challenging to deal with. The idea to overcome the nonconvexity is to take advantage of iterative procedure to relax this constraint. In order to handle the unit modulus constraints, firstly the complex-valued optimization problem Prob.6 is transformed into a real-valued optimization problem of the following mathematical form [42] Prob.9 min
where the involved parameters in the standard mathematical formula are defined as follows
1,m denotes the m th complex element ofb 1 in the (z − 1) th iteration. It is worth noting that adding a constant
2 in the objective function does not change the problem, which is the consequence of the unit modulus constraints. Furthermore, based on the fact that U 1 is positive semi-definite, U 1 + µ 1 I is positive definite if µ 1 is a positive number. It can be seen that problem Prob.9 is a quadratic programming problem with only one affine constraint. In other words in each iteration, the optimal solution can be derived in a closed form i.e.,
We would like to highlight that (47) always has a unique solution since U 1 +µ 1 I is positive definite. In this inspired by the work in [42] , the iterative algorithm to solve Prob.6 with unit modulus constraints satisfied is given by Algorithm 1. Since Prob.9 is essentially a convex approximation of Prob.6 at feasible point β
, Algorithm 1 is a kind of successive convex algorithm (SCA) [43] .
Algorithm 1 Successive Closed-Form (SCF) Algorithm
Initialize: Set z = 0, initializeb Based on Algorithm 1 and previous discussions, energy efficiency maximization beamforming design is finally summarized in Algorithm 2. In order to compute the factor η the classic Dinkelbach algorithm [35] is adopted in this algorithm.
C. CONVERGENCE AND COMPLEXITY ANALYSIS
It is worth noting that when η is fixed, the proposed algorithm for the optimization problem (21) is a kind of alternating minimization (AM) method containing 6 variable blocks, i.e., {F, B 1 , G, B 2 , A, W}. By fixing other variable blocks, it is straightforward that each subproblem corresponding to {F, G, A, W} is a standard convex optimization problem with globally optimal solution individually. As mentioned before, the subproblem corresponding to B 1 or B 2 could be solved by a series of convex problems and obtain the locally optimal solution. Therefore a locally optimal solution of problem (21) could be found and that is also the locally optimal solution of problem (19) due to the equivalent relationship between rate and weighted MMSE [36] , [37] . Now we discuss the computational complexity of Algorithm 2, which mainly comes from optimizing F (t) in SOCP (31) and optimizing relay hybrid beamformings, i.e., G (t) , B 
. 3 : n = n + 1.
4:
Set t = 0, initialize 18:
2 } = arg max
, neglecting the lower-order terms. Next we take a further step to consider the optimization of relay hybrid beamformings. The matrix inversion operation contributes to the main complexity, i.e., O(N 6 B I 3 ) in (38) and O(N 3 B N 3 R ) in (47). Therefore, the overall complexity of the proposed hybrid beamforming algorithm is n r (O(N 6
where n r is the number of iteration from step 11 to step 16, n 1 and n 2 are the numbers of iteration in step 14 and step 15 respectively.
V. NUMERICAL RESULTS AND DISCUSSIONS
In this section, several numerical results are given to assess the performance of our proposed algorithm for the wideband energy efficiency beamforming optimization for cooperative networks. Each point in the following figures is an average over 500 independent trials. In the following simulations, without loss of generality the antenna numbers at each node are N 1 = N 2 = 4, N R = 8, respectively. The dual-polarized antenna array consists of half vertically polarized and half horizontally polarized antenna elements. Here, the XPD parameter is set to χ = 0.1 [9] . The source transmits N s = 2 data streams to the destination via the assistance of the relay equipped with N B = 4 RF-chians. All the channels are multi-path fading channels, and it is also assumed that there are L = 5 multipaths with K = 2, γ = 3 and [5] . In addition, the circuit power consumption is P C = 36dBmW, and the relay maximum transmit power is P R = 30dBmW. The noise covariance matrices are R 1 = P n I and R 2 = P n I N 2 , respectively, where P n = −90dBmW [31] . We choose an upper bound algorithm generated by full digital beamforming in relay and a benchmark algorithm by replacing the proposed successive closed-form (SCF) algorithm in Algorithm 1 with the gradient projection (GP) algorithm given in [45] .
In Fig. 3 the energy efficiency performance is shown for the different maximum transmit powers of transmitter P S for different TDLs lengths I . It can be seen that the proposed hybrid beamforming design algorithm outperforms the benchmark algorithm. Besides, filter-and-forward structure is beneficial to reduce the ISI in frequency selected channel as the performance becomes better with the increase of the number of filter length. This is because filter-andforward structure in UAV relay could storage useful signals of the desired symbol from different multipaths and increase the diversity and the component of the desired symbol in received signal. In addition, the energy efficiency saturates in high transmit power, since using all of the available power P S would lead to a decrease of the energy efficiency. Fig. 4 compares the energy efficiency performance versus the maximum transmit power of relay P R with fixed P S = 20dBmW. We observe that the energy efficiency performance increases slowly or even declines in large P R , because when the transmit power P S of transmitter is fixed, the system rate does not increase significantly with the increase of the transmit power at relay. In addition, by comparing Fig. 3 and Fig. 4 , we find that the change of maximum transmitter power has greater effect on the rate than the change of maximum relay power.
In Fig. 5 , the energy efficiency is shown for different the distances D between UAV relay and communication notes with fixed P S = 20dBmW and P R = 30dBmW. We observe that The farther the UAV is from the communication nodes, the worse the energy efficiency performance will be. Since large-scale fading increased significantly in large communication distance. Fig. 6 shows the convergence of our proposed algorithm and the benchmark with fixed P S = 20dBmW, P S = 30dBmW, and D = 400m. It shows that both algorithms with different analog beamforming design strategies have good convergence rates, thus the proposed algorithm framework in Algorithm 2 is suitable to design energy efficiency beamforming.
VI. CONCLUSIONS
In this paper, we proposed an energy efficient beamforming for UAV communications in which the UAV is equipped with a wideband hybrid polarized antenna array. In order to overcome the nonconvex nature of the considered optimization problem, an iterative algorithm is proposed. Based on the iterative algorithm at each iteration the nonconvex energy efficiency objective function and unit modulus nonconvex constraints of analog beamformer can be transformed into suitable mathematical formulations and the resultant optimization subproblems become standard convex optimization subproblems. At the end of this paper, several numerical results are given to show the performance advantages of the proposed energy efficient beamforming for UAV communications.
